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Abstract
Systems engineering approaches to complex socio-technical systems need good models to represent the variety of human 
components of the complex system.  Human systems integration (HSI) is the set of systems engineering processes that ensure all 
human-related technical issues are properly identified and addressed during system design and development.  Thus, HSI applied 
to complex socio-technical systems needs a generalized model of all the human components of the system.  A primary construct 
useful in this context is human capital; that is, the durable assets of knowledge, skills, and abilities (KSAs) that humans possess 
that enable the production of goods and services in an economy.  These same capital assets also consume the goods and services 
produced by that economy.  Overall, the human capital is maintained by a healthcare system throughout the lifespan, and in-
demand KSAs are created by an educational and training system.  Enrichment of human capital can occur throughout the 
lifespan.  Key criterion measures are the subjective well-being (SWB) and standard of living (SOL) of the population, the cost of 
producing KSAs that are in demand, the reduction in productivity due to health and safety problems, and the goodness of fit of 
KSAs of an individual with the KSAs demanded by their job.  This model expands the traditional concerns of human factors to a
socio-technical scale.  Each of the seven domains of HSI can be expressed in more general terms across a broader organization.  
Examples of system performance measures that are used by this model include number of lost work days (due to health 
problems), disability adjusted life years, cost of producing a degree from an accredited school, and utilization of the available 
workforce.
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1. Introduction
Human systems integration (HSI) is the set of systems engineering processes that provide integrated and 
comprehensive analysis, design, and assessment of requirements, concepts, and resources for human engineering, 
manpower, personnel, training, system safety, health hazards, personnel survivability, and habitability [1]. HSI 
activities are most commonly performed in the context of designing a new human-machine system or performing a 
major upgrade to such a system.  The defense sector is the most common context in which HSI is practiced, although 
commercial and non-defense public systems (such as public transportation) often incorporate HSI activities as well. 
HSI attempts to ensure that the design of the human-machine system is a good match with the characteristics of the 
population of operators, maintainers, and supporters of the system and does not impose undue hazards related to 
safety, occupational health, and human survivability in the presence of life threatening conditions.
As an essential part of an overall systems engineering activity, HSI must ensure that all the human-related issues 
are properly identified and addressed during the systems engineering process.  Thus, HSI is not limited to design of 
user interfaces; HSI must also address issues related to required attributes and qualifications of people (personnel), 
number and type of people (manpower), threats to human life and health (safety, survivability, and occupational 
health), education and training, and system characteristics that impact human comfort, motivation, morale, and long-
term satisfaction (habitability).
When these factors are considered at the organizational level, the health, well-being, and productivity of an 
organization’s entire workforce can be improved.  This approach has been termed macro ergonomics [2]. When a 
new technology is introduced to the organization, such as a new chemical inventory tracking system, the impact on 
productivity, training requirements, support personnel, safety, and morale can be considered simultaneously in 
selecting and implementing the change. In making these decisions, several aspects of the workforce as a whole 
should be considered.  These include the amount of time spent on tasks related to inventory tracking, errors workers 
make in handling and storing chemicals (and in keeping records), and amount of time (and money) spent on safety 
training and regulator compliance.  At the workforce level, these items can be combined to generate an overall 
estimate of cost, productivity, and risk.  The organization’s human capital is affected by the technology and 
processes used to track chemical inventories. Changes to that technology and those processes need to be assessed 
against impacts – positive and negative – on human capital.
In this context, human capital is the durable assets of knowledge, skills, and abilities (KSAs) that enable 
production of goods and services in the organization.  Individual workers possess KSAs; jobs in the organization 
have requirements for tasks to be performed, and successful performance of those tasks often requires that the 
worker have certain KSAs.  Errors made in performing tasks could result in injury to people, damage to equipment, 
or other monetary penalties.  Thus, an organization seeks to create, maintain, and enrich human capital by hiring new 
people, keeping people healthy and satisfied, training people, and providing a variety of benefits to them.
The present paper is an attempt to describe the extension of these considerations to the societal level, and to 
present a notional model of human capital at the societal level.  The emphasis is on the complex interactions of the 
constituent systems that create, support, and enhance human capital at that level.
1.1. Systems engineering of complex socio-technical systems
A socio-technical system is produced by the interaction of social organizations with technology.  A common 
example is a highway transportation system.  People use automobiles and other vehicles to transport passengers and 
goods throughout a roadway network.  The engineering of the vehicles, the physical infrastructure, and the 
supporting information assets must be coordinated with the characteristics of the people who are the drivers of the 
vehicles.  The highway transportation system is a component of a larger socio-technical system that also includes 
fuel distribution networks; vehicle manufacturers, distributors, and maintainers; and public and private entities such 
as law enforcement, retail establishments, and industrial facilities that provide services necessary for overall system 
functioning.  Restaurants, for example, must be in close proximity to the roadway network so that drivers and 
passengers can stop and eat.  The roadway network provides the means for many restaurant workers to get to their 
jobs, and for restaurant suppliers to transport and deliver goods to the restaurant.
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As large-scale socio-technical systems evolve, it is useful to apply systems engineering methods to help conceive, 
plan, design, and develop new features and capabilities.  Complex interactions between technical components and 
various human social institutions may largely govern the success of a potential innovation at this level.  For 
example, policy constraints may prevent an apparently beneficial technical innovation from being adopted and 
implemented at the societal level.
Consider the potential widespread adoption of the self-driving car.  The success and impact of this innovation in 
part depends on the technical performance of the car.  But its success and ultimate impact are also dependent on a
host of other factors such as public perception of safety, evolution of laws and regulations related to the highway 
transportation system, development of institutional support from the insurance industry, and upgrades to public 
infrastructure that may be needed.If the car does not perform well, it is not likely to be successful.  But the car could 
perform very well and still fail to be widely adopted if other factors are not considered and accommodated as the car 
technology is introduced.
Systems engineering methods attempt to identify the relationships among these various factors, understand 
tradeoffs, and coordinate design decisions so that a satisfactory outcome can be achieved.  An early step is to 
develop a notional model of observable phenomena related to the components of the larger system, how they 
interact, and the context in which they must function.  Subsequently, computational models can be developed to help 
explore and analyze tradeoffs and guide design decisions.
1.2. Need for models of human capital
Planning the evolution of complex socio-technical systems should consider the positive and negative impacts on 
the social organizations that will operate, maintain, support, and be served by the system.  Ultimately, a
computational model is needed that relates production and consumption of goods and services, creation and 
maintenance of production capabilities of the workforce, healthcare services that maintain and support that 
capability, and the outcome that is achieved in terms of subjective well-being and standard of living of the 
population.  The conceptual model that underpins the computational model needs to specify the causes and effects of 
those attributes and the system dynamics that are created by interaction with contextual variables (such as public 
policy, constraints on natural resources, and economic conditions.)
1.3. Primary constructs
The core construct of the model is the representation of human capital as individual agents that are primarily 
characterized by their subjective well-being (SWB) and their standard of living (SOL) [3].  SWB combines affective 
experience of happiness with longer term, more stable experience of satisfaction with life.  SOL reflects the 
consumption of goods and services and accumulation of assets that can be used to support eventual consumption.  
There is a modest correlation between SWB and SOL.  There are numerous factors that drive SWB and SOL.  These 
can be organized into several intermediate constructs that are called “climate” variables. Climate variables capture 
general tendencies for situational variation without having to specify the detailed mechanisms that control the 
variation.  Climate variables can include perceived aspects of situational variation, but emphasize objective aspects
[4].  For example, the general security climate (GSC) for an area affects SWB in that people feel more or less secure 
about their risk of being the victim of a crime, and is reflected both in their perceived risk and in actual monetary 
losses. A worsened security climate could result in more expenditures on home security monitoring services and 
therefore less expenditure on other items.
Climate variables of particular interest are the general economic climate (GEC) and the general political climate 
(GPC).  The GEC is reflected in the overall gross domestic product (GDP) and its rate of growth, in the 
unemployment rate, and in the inflation rate.  The GEC is responsible for the creation of jobs (demands for human 
capital) and in provision of resources to fund public and private investment in capabilities that serve the population.  
The GPC is reflected in confidence in political institutions at the local, regional, and national levels.  The GSC, 
GEC, and GPC interact in complex ways.  One of the products of those interactions is an engineered infrastructure 
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that provides transportation, communication, and energy services to the people and enterprises in an area.  The 
activities that create, maintain, and enrich human capital are often dependent on this engineered infrastructure.
Two societal-level systems that are particularly relevant to human capital are the educational system and the 
healthcare system.  The healthcare system is initially prominent in facilitating birth and thriving of healthy infants. 
The educational system is prominent throughout the school-age and college years, equipping young people with the 
KSAs needed for their success in the economy.  The healthcare system supports maintenance of their capability to 
produce goods and services throughout adulthood, and becomes increasingly prominent as health problems arise in 
the latter part of the lifespan.  Figure 1 depicts notional rates of participation in the healthcare and educational 
systems along with participation in the workforce, across the lifespan.
Human behavior is centrally involved in almost all of the activities associated with the GSC, GPC, GEC, the 
healthcare system, and the educational system.  Human demand for goods and services is of particular interest.  One 
useful way to approach representation of that demand is that each person has attributes that can be expressed as a 
collection of beliefs, desires, and intents (BDIs) [5].  Beliefs are propositions (that may be incorrect) held by a 
person that guide behavior, and are mediated by desires (preference for some change of state) and intentions 
(decision to take some future action.)  Thus, BDIs are useful constructs to represent the mechanism by which a 
person enrolls in college, changes jobs, or goes on a leisure trip.
Natural resources are also highly relevant to the SWB and SOL of the population.  Resources such as good soil, 
clean water, and clean air are required for production of food and maintenance of human health.  They also greatly 
impact the GEC of a region.
2. Overview of the model
The central item in the model is representation of an individual human being.  The central attributes of each 
human are the SWB parameter and the SOL parameter.  These parameters vary over time.  The average of each 
parameter over a certain time interval is of particular interest; in some contexts, maximum or minimum values over 
that period might also be of interest.  The top level model is depicted in Figure 2, which shows the primary 
interactions between SWB and SOL with the climate variables of particular interest.
Fig. 1. Notional rates of percent participation in the labor force, healthcare system, and educational system across the lifespan.
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Fig. 2. Top level view of the human capital model.
In addition to the SWB and SOL parameters, each human can be represented as a set of KSAs and BDIs. KSAs 
are the primary attributes that enable becoming employed in a particular job, and thereby engaging in the production 
of goods and services in the economy.  BDIs are the primary attributes that drive consumption of goods and services 
in the economy, including the consumption of services of the healthcare and educational systems.  Businesses that 
offer goods and services attempt to influence BDIs through such mechanisms as advertising and price setting.
2.1. Creation and maintenance of human capital
The educational system is the primary component of the model involved in the creation of the market value of 
the human capital. In this context, the educational system consists of more than the formal K-12 and higher 
education school systems.  The educational system also includes various training programs (formal or informal) that, 
along with K-12 and higher education, create the KSAs that are in demand in the economy.  Many of these KSAs 
are demanded by the jobs produced in the economy, but some are also created by informal mechanisms.  For 
example, volunteers for a variety of causes provide services that are in demand even though they are not paid to do 
so.  Similarly, a stay-at-home spouse provides services that are in demand.  Other KSAs are in demand because they 
increase the SWB of the person who possesses them.  Ability to play a musical instrument, for example, may not 
result in monetary compensation for many people but can produce an increase in happiness and life satisfaction.  
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Some degree programs in the higher educational system produce graduates with degrees that are not in high demand, 
but the recipient of the degree may be satisfied with the acquired body of knowledge on a topic of personal interest.  
The educational and training system creates the KSAs that are in demand. The healthcare system maintains the 
capability of human capital to be productive and to consume goods and services.As with the educational system, the 
healthcare system includes more than the formal network of hospitals, clinics, doctors offices, and pharmacies.  It 
also includes various other ways in which goods and services related to healthcare are distributed. These ways may 
include informal caregiver networks.  Collectively, the educational system and the healthcare system are responsible 
for creating and maintaining the capacity of the human capital to produce goods and services that are in demand. 
This workforce-wide capacity can be characterized in the context of the GEC in terms of its overall utilization; that 
is, the percentage of available production that is in fact engaged in production of goods and services in the economy.  
Low utilization rates indicate poor economic performance.  Moderate utilization rates are optimal, in that
unemployment rates are fairly low but workers generally have enough free time and flexibility to engage in other 
activities that enhance SWB. High utilization rates may indicate too much pressure on the available workforce just 
to keep up with demand, and may be reflected in higher rates of mishaps, increased turnover, and reduced job 
satisfaction.
The overall performance of the healthcare system is reflected in such measures as the number of lost work days 
due to illness and injury (whether to the worker or a dependent), total disease burden, and the disability-adjusted life 
years (DALY) in the population of interest. The cost of providing the healthcare goods and services to maintain 
population health is also a primary performance measure. The overall performance of the educational system is 
reflected in the total number of instructional hours expended to produce a set of KSAs (degree or certification) of 
interest, the number of potential work days lost to training and education, and the associated cost of the completed 
KSAs.  Educational programs with high attrition or failure rates will have higher overall costs per degree, higher 
number of work days lost, and higher number of instructional hours expended to produce the degree.
2.2. Enrichment of human capital
Human capital is enriched by interventions that improve SWB and SOL across the population. Some of these 
interventions are delivered through the educational and healthcare systems, but many are delivered through other 
mechanisms in the economy.  Introduction of a new technology, such as a self-driving car, will have a variety of 
potential ways to enrich human capital.  Individuals with functional limitations associated with disabilities, or 
functional decline associated with disease or aging, may be able to maintain independent living, community 
mobility, and access to goods and services for a longer period due to the self-driving car.  Fewer incidentsin the 
transportation network increases the throughput of that network and thereby the utility of the network to the people 
using it.  Fewer incidents that result in death or injury can result in increases in disability-adjusted life years 
(DALY) and fewer lost work days in the workforce, as well as improvement in SWB due to safer transportation 
modalities.  The human capital model’s focus on the combination of SWB and SOL at its center keeps purely 
economic considerations from overriding other factors that influence human happiness and satisfaction.
The interventions that improve SWB and SOL often come about because of the BDIs in the population.  These 
BDIs are reflected in evolving demands for goods and services.  As a business gains insight into latent BDIs that 
could drive commerce, new products are introduced into the market.  Sometimes the product compensates for a 
negative factor (i.e., it attenuates something that is causing SWB or SOL to be reduced).  Others offer improvement 
of a positive factor, and thereby amplify some effect that increases SWB or SOL.
3. Human systems engineering of a complex socio-technical system
When systems engineering methods are used to plan, design, and develop complex socio-technical systems, it is 
also important that all the human-related issues are identified and considered at the societal level.  Table 1 shows the 
adaptation of the typical goals of each technical domain of HSI viewed from the societal level.  These societal level 
goals are reflected in the various components of the human capital model.
2017 Dennis J. Folds /  Procedia Manufacturing  3 ( 2015 )  2011 – 2018 
Table 1.Goals of the domains of HSI at the socio-technical system level.
HSI Technical Domain Human-Machine 
System Level
Socio-Technical 
System Level
Human Factors Engineering Human capability and 
limits are considered 
in system design, and 
result in effective 
system operation
Human capability, 
limits, and 
preferences are 
considered in design 
of infrastructure and 
policy decisions
Personnel System design 
reflects available 
KSAs in the user 
population
Socio-technical 
systems accommodate 
the range of 
capabilities in the 
population
Manpower System requirements 
for number of people 
are not excessive
Workforce 
requirements across 
public and private 
sectors are reasonable
Training System design does 
not result in excessive 
demand for training
Socio-technical 
system does not 
create excessive 
demand for new 
educational programs
Safety Likelihood of user 
death or injury from 
mishaps is minimized
Likelihood of death or 
injuries due to 
mishaps or other 
incidents in the 
population at large is 
minimized
Occupational Health Risk of disease or 
injury due to user 
exposure to risk is 
minimized
Risk of disease or 
injuries due to 
population exposure 
to risk is minimized
Human Survivability Provisions are made 
to prevent death or 
serious injury in the 
presence of life 
threatening conditions
Provisions are made 
to minimize deaths 
and injuries from 
natural and man-made 
disasters
Habitability Systems design 
features support 
comfort and maintain 
morale
Overall living 
conditions support 
enjoyment and 
enrichment of life
The goals expressed in Table 1 are of course not exhaustive, but they do represent a generalization of the goals of 
HSI at the societal level.  As new technologies emerge that enable new avenues for economic development, it is 
important to identify the observable phenomena related to all aspects of the human condition, to attempt to 
understand how they are interrelated, and to understand the tradeoffs associated with various options of adoption 
and implementation.  The notional model of human capital presented in the present paper is intended to become the 
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underpinning of a computational model of human capital that can be used to guide decision makers in investment 
and policy decisions at the socio-technical system level.
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